Speed perception is vital for safe activity in the environment. However, considerable evidence suggests that perceived speed changes as a function of stimulus contrast, with some investigators suggesting that this might have meaningful real-world consequences (e.g. driving in fog). In the present study we investigate whether the neural effects of contrast on speed perception occur at the level of local or global motion processing. To do this we examine both speed discrimination thresholds and contrastdependent speed perception for two global motion configurations that have matched local spatiotemporal structure. Specifically we compare linear and radial configurations, the latter of which arises very commonly due to self-movement. In experiment 1 the stimuli comprised circular grating patches. In experiment 2, to match stimuli even more closely, motion was presented in multiple local Gabor patches equidistant from central fixation. Each patch contained identical linear motion but the global configuration was either consistent with linear or radial motion. In both experiments 1 and 2, discrimination thresholds and contrast-induced speed biases were similar in linear and radial conditions. These results suggest that contrast-based speed effects occur only at the level of local motion processing, irrespective of global structure. This result is interpreted in the context of previous models of speed perception and evidence suggesting differences in perceived speed of locally matched linear and radial stimuli.
Introduction
Speed perception is fundamental for safe interaction with our environment. However, it is known that speed perception is biased by changes in the contrast of the stimulus (Thompson, 1982) . Furthermore, some investigators have suggested that this might have meaningful real-world consequences (Snowden, Stimpson, & Ruddle, 1998) . In order to fully understand the mechanisms underlying this effect it is important to understand how it is influenced by changes to both the local spatio-temporal properties of the stimulus and the global properties of the scene. Changes to local properties have been systematically investigated by a number of researchers (Blakemore & Snowden, 1999; Stone & Thompson, 1992; Thompson, 1982; Thompson, Brooks, & Hammett, 2006) . Here, we investigate whether, and how, changing the global properties of the stimulus, whilst keeping local properties matched, might influence the effect of contrast on speed perception. In doing so we aim to shed light on the stage in the motion processing hierarchy at which the effects of contrast are applied.
The effect of contrast on speed perception was first noted by Thompson (1982) who demonstrated that, at slow speeds, lowcontrast stimuli appear to move slower than high-contrast stimuli. However, as speed increases this effect reduces and at high speeds can even reverse, such that low-contrast stimuli appear faster than high-contrast stimuli. This effect of contrast is highly robust and persists in the face of a variety of changes to the stimulus, e.g. see Blakemore and Snowden (1999) who obtained similar effects of contrast with gratings, random-dot patterns, moving dots and expanding dot stimuli.
The explanation for the effect of contrast on speed perception remains a subject of debate. Weiss, Simoncelli, and Adelson (2002) proposed that this effect can be explained using the Bayesian framework whereby the reduction in perceived speed at low contrasts arises due to the influence of a prior assumption that objects are stationary or moving slowly. It is suggested that the prior has more influence on perceived speed at low contrasts because lowering contrast increases the uncertainty of the sensory signal. Stocker and Simoncelli (2006) demonstrated that the relative speed discrimination thresholds obtained for high-and lowcontrast stimuli (i.e. a proxy measure for sensory uncertainty) can be used to predict the size of the bias in perceived speed at a range of speeds. However, Thompson et al. (2006) criticised this model as failing to account for the observed increases in perceived speed with lowered contrast at higher stimulus speeds. In contrast to the Bayesian account, Thompson et al. proposed 
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Vision Research j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / v i s r e s of contrast arises due to the inseparability of speed and contrast at early stages of visual processing. They went on to demonstrate that a simple ratio model (based on that proposed by Hammett, Champion, Morland, & Thompson, 2005) , in which speed is estimated as the ratio of outputs from two physiologically plausible temporal filters, can account for both increases and decreases in perceived speed with lowered contrast. Further support for this ratio model was provided by Hammett, Champion, Thompson, and Morland (2007) who demonstrated that changes in perceived speed as a function of grating luminance were predicted by the ratio model but could not be accounted for by the Bayesian model. In addition, Hassan and Hammett (2015) found that the speed at which the cross-over from under-to over-estimation of lowcontrast speeds varies as a function of luminance, an effect that is also consistent with the ratio model but not the Bayesian account.
Interest in this bias has stimulated a variety of further studies, a number of which aimed to document how changes in local spatiotemporal stimulus properties influence the size of the effect. In Thompson's original study the effect of contrast on perceived speed depended on the temporal frequency of the grating (Thompson, 1982) . At all spatial frequencies considered the reduction in perceived speed with lower contrast was greatest at the lowest temporal frequency tested (1 Hz). The size of the effect was progressively reduced as temporal frequency increased up to 8 Hz, beyond which point the effect of lowering contrast was to increase the perceived speed of the stimulus. However, Stone and Thompson (1992) did not find a reversal above 8 Hz and suggested it might be that speed perception breaks down beyond this point (or at least beyond 10 Hz). In addition, Stone and Thompson found little effect of changing spatial or temporal frequency. In a later study Thompson et al. (2006) found a strong effect of temporal frequency and replicated the previous finding of Thompson (1982) that the effect reduces and reverses with increases in temporal frequency. However they also found that the temporal frequency at which the contrast-dependent reversal occurred was a function of grating spatial frequency. Specifically, the reversal occurred at roughly 6 Hz for a spatial frequency of 2 c/deg but 12 Hz for a spatial frequency of 8 c/deg. In contrast, using broadband stimuli Stocker and Simoncelli (2006) showed that for speeds up to 12 deg/s the lower-contrast stimulus was perceived to be slower than the higher contrast stimulus (i.e. no evidence for a reversal), although the size of the bias decreased with increasing speed. In summary, the local spatio-temporal properties of a stimulus have been shown to influence the size of the effect of contrast on speed perception, however there is some debate across studies on whether a reversal of the effect of contrast on perceived speed occurs.
With respect to global stimulus properties, it has been shown that, similar to a linear motion field, the effect of contrast persists when the stimulus consists of a global broadband pattern of radial expansion. Lowering contrast reduces the perceived speed of optic flow patterns in quasi-natural scenes presented in a driving simulator (Snowden et al., 1998; Pretto, Bresciani, Rainer, & Bülthoff, 2012) . However, one issue with this work is that it is difficult to compare the magnitude of effects observed with those found in earlier studies focussing on local spatio-temporal properties in linear motion fields. The extent to which contrast-dependent effects might differ for stimuli that are matched for local properties but differ in global configuration should shed light on the mechanisms involved, and the stage at which the effects of contrast occur.
This question is also particularly relevant in light of results suggesting that perceived speed is affected by global stimulus properties. Bex and Makous (1997) and Bex, Metha, and Makous (1998) found that radial gratings are perceived as up to 60% faster than translating linear gratings with matched local spatio-temporal parameters. Bex and Makous (1997) showed that this result was unlikely to be caused by differences in the perception of temporal or spatial frequency of the stimuli. Furthermore, Bex, Metha and Makous demonstrated that the effect persists when stimuli consist of four smaller linear Gabor patches positioned around a fixation point, with the directions arranged such that the global pattern of motion was consistent with either translating linear or radial motion (see Fig. 4 ). They concluded that differences in speed perception between linear and radial stimuli were potentially explained by the radial motion stimuli being interpreted as motion in depth. If this is the case then for a given retinal speed the radial stimulus would need to travel at a faster speed than a stimulus moving purely in the fronto-parallel plane. They also suggest that since radial motion is a very commonly encountered stimulus (i.e. when moving forwards), it is possible that the brain has developed a separate mechanism for handling such motion.
Taken together these studies suggest the need to investigate how the effect of contrast on perceived stimulus speed is affected by the global pattern of motion when local spatio-temporal stimulus parameters are controlled. We use a standard 2IFC paradigm to measure contrast-dependent speed effects in which participants judge the faster of a high-and low-contrast stimulus on each trial. If contrast-dependent biases vary as a function of global stimulus configuration then this suggests some influence of contrast after integration of local motion signals. If, on the other hand, the global configuration does not affect biases it suggests that contrast effects occur only at a lower level in the processing hierarchy, before integration of local motion signals.
In addition, to shed further light on the most appropriate model of speed perception (and specifically to test the Bayesian account introduced above) we also measure speed discrimination thresholds for stimuli with matched contrast. It is generally accepted that discrimination thresholds reflect the reliability of sensory speed signals (e.g. see Weiss et al., 2002) . Accordingly, under the Bayesian account, the discrimination thresholds for high-and low-contrast stimuli should then predict the extent of the contrast-dependent speed effects observed, since the proposed prior for zero motion should have more effect when the sensory information is less reliable (i.e. when discrimination thresholds are higher).
In experiment 1 stimuli were single patches of linear or radial motion, similar to those used in Bex and Makous (1997) . In experiment 2 the stimuli were similar to those used in Bex et al. (1998) and comprised four smaller linear Gabor patches whose global configuration suggested either linear or radial motion. To summarise our results we find that in both experiments 1 and 2 the effects of contrast on speed perception are indistinguishable for linear and radial stimuli suggesting that contrast affects speed perception at the level of local motion processing. 
Participants
Five participants took part in experiment 1; two authors and three participants who were naïve to the purposes of the experiment. All had normal or corrected to normal vision. Naïve participants gave informed consent and were compensated for their time 1 Note that in a previous conference presentation (Warren & Champion, 2015) we suggested that there were differences in the gain of contrast dependent speed effects for linear vs. radial gratings. However, the data collected in that previous experiment were problematic because no fixation target was presented (which likely led to differential patterns of eye movements in the two global motion conditions). In addition, in the previous study we did not collect discrimination threshold data. These issues have been rectified in both experiments of the present study.
at a rate £6 per hour. Ethical approval was obtained from the University of Manchester Research Ethics Committee prior to starting the experiment and the work was carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki).
Apparatus
Stimuli were generated using PsychoPy (Peirce, 2007) and were presented on a 22
00 Viewsonic p225f CRT, at a screen resolution of 1024 Â 768 (refresh rate 100 Hz). The screen was positioned 57 cm from participants, who were seated with their chin in a chin-rest. Room lights were off. Prior to starting testing the display was luminance calibrated using a Datacolor Spyder 5 Elite colorimeter.
Stimuli
Stimuli consisted of either radial or vertically-aligned linear gratings (1 c/deg spatial frequency) as shown in Fig. 1 . Gratings were displayed within a hard window of diameter 8 deg and presented at either high contrast (64%) or low contrast (8%). The area surrounding the grating was uniform mid-grey. A circular fixation point with luminance 5% below that of the mid-grey background was presented at the centre of each stimulus to facilitate fixation. Stimulus presentation time was 500 ms with a hard-edged temporal window. Linear stimuli moved left or right, whilst the radial stimuli expanded or contracted. Standard speeds were 2, 4 and 8 deg/s. Stimuli were presented in pairs with the two stimuli either both high-contrast (high-high condition), both low contrast (lowlow condition) or one high-and one low-contrast (high-low condition). In total there were 18 conditions (2 global structures Â 3 standard speeds Â 3 contrast-pairs).
Procedure
A 2-interval forced choice procedure was employed. On each trial participants were presented with a standard and a test stimulus in separate temporal intervals, in a random order. In the high-low condition the standard was a high-contrast stimulus and the test was a low-contrast stimulus. In high-high and lowlow conditions both standard and test had equal contrast. The participant's task was to judge which interval contained the faster motion. The two intervals were separated by a blank field of 500 ms. The fixation point was presented throughout. The standard stimulus moved at one of the standard speeds whilst the speed of the test stimulus was determined by an adaptive staircase. Within one block of the experiment two staircases were interleaved, one was a 3-up-1-down staircase (starting at double the standard speed) and the other was a 1-up-3-down staircase (starting at half the standard speed). Each block contained 100 trials. Conditions were blocked and each condition was repeated twice. Block order was pseudo-random. Across the 18 conditions, each participant contributed approximately 4 h of data in total.
Results
For each participant individually and for each condition a cumulative Gaussian psychometric function was fit to the data using the Palamedes toolbox (Prins & Kingdom, 2009) in Matlab. Two statistics were extracted: (1) The point of subjective equality (PSE), defined as the mean of the cumulative Gaussian; (2) The discrimination threshold, defined as the standard deviation of the cumulative Gaussian which is equivalent to the difference between the PSE and the test speed that results in 84% performance (see Ernst & Banks, 2002; Freeman, Champion, & Warren, 2010; Hassan & Hammett, 2015) .
Based on the PSEs obtained in the high-low contrast conditions, at each standard speed we calculated the gain metric as the PSE/-standard speed. We were particularly interested in the discrimination thresholds for the high-high and low-low contrast conditions (since these are indicative of sensory precision in these stimulus contrast conditions). Fig. 2 shows the mean gain in perceived speed as a function of standard speed for linear and radial stimuli in the high-low conditions. These data suggest there is little difference in the contrast effects on perceived speed observed for linear and radial stimuli. On average, perceived speed gains were higher than 1 in all conditions, indicating that low-contrast stimuli were perceived as slower than high-contrast stimuli. Table 1 reports the outcome of 1-sample ttests assessing whether perceived speed gains were significantly higher than 1. Consistent with previous studies (e.g. Thompson, 1982) gains were generally significantly higher than 1 for both global motion configurations at all but the highest speed tested.
A 2 Â 3 repeated measures ANOVA revealed a significant effect of speed (F(2,8) = 4.69, p = 0.045) on perceived speed gains but no significant effect of global motion pattern or interaction between these factors.
To further investigate evidence for differences between conditions, we undertook a series of Bayesian repeated measures ttests in JASP (JASP Team, 2016) . We report the Bayes factor B 01 , which quantifies the strength of evidence in favour of the null hypothesis (no difference in means) relative to the alternative hypothesis (a difference in means). Values of B 01 above 1 indicate increasing levels of support for the null hypothesis relative to the alternative. Table 2 reports Bayes factors (B 01 ) obtained from Bayesian repeated measures t-tests to compare mean perceived speed gains and discrimination thresholds. In particular the Bayes factors for the perceived speed gain metric indicate anecdotal (approaching moderate) evidence for the null hypothesis -across speed conditions the null hypothesis (there is no difference in gain between the linear and radial global structures) is around 2.5 times more likely than the alternative hypothesis. Fig. 3 shows mean relative discrimination thresholds for highand low-contrast stimuli as a function of speed for linear (left panel) and radial (right panel) motion. A 3-factor repeated measures ANOVA revealed no significant effects of global motion configuration or contrast, but a significant effect of speed was found (F (2,8) = 10.4, p < 0.006). In Table 2 , Bayes factors for discrimination thresholds are generally smaller than those for the perceived speed gains (particularly in the high vs. low contrast comparisons), however, they are consistently above 1 (and as high as 2.5 for the linear vs. radial comparisons) again suggesting greater evidence in favour of the null hypothesis across all comparisons.
Discussion
The results of experiment 1 suggest that there is little evidence to suggest a difference between linear and radial stimuli either in terms of perceived speed gains as a function of contrast or discrimination thresholds for high-and low-contrast stimuli. Mean perceived speed gains for linear stimuli were found to be higher than 1 in all conditions suggesting that observers perceived lowcontrast stimuli to move more slowly than high-contrast stimuli. Thus, this replicates the standard effect reported in the literature (Blakemore & Snowden, 1999; Stocker & Simoncelli, 2006; Stone & Thompson, 1992; Thompson et al., 2006) . Similarly mean perceived speed gains for radial stimuli were also greater than 1, consistent with studies that have used broadband radial stimuli (Pretto et al., 2012; Snowden, Stimpson, & Ruddle, 1998) . In addition, we found no significant difference between low-and highcontrast discrimination thresholds, a finding consistent with those of Hassan and Hammett (2015) . However our results showed that, although not significantly so, low-contrast discrimination thresholds were higher, on average, than high-contrast discrimination thresholds for the two slowest speeds. To a certain extent this finding is also consistent with previous studies that have investigated the Bayesian account of speed perception. For example, Stocker and Simoncelli (2006) found that low-contrast thresholds were higher than high-contrast thresholds but not consistently so for all speeds.
The lack of difference between perceived speed gains for linear and radial stimuli suggests that the contrast-based speed effects occur at the level of local motion processing, prior to integration to form a global motion configuration. Although the linear and radial gratings in experiment 1 were closely matched in terms of local spatio-temporal properties, they still differed in terms of other potentially important properties that might bear upon this conclusion. In particular the stimuli also differ with respect to:
1. Curved vs. straight contours 2. Inconsistent motion signals in the vicinity of fixation In experiment 2 we sought to address these issues and more closely match the properties of the linear and radial stimuli. We did this by presenting 4 smaller Gabor patches, each comprising a linear grating, but arranged such that the global motion pattern could be consistent either with linear (all four Gabors had the same vertical orientation) or radial (left and right Gabors had vertical orientation and top and bottom Gabors had horizontal orientation) patterns of global motion. This arrangement clearly addressed issue 1 since there are no curved contours in either display. In addition, by arranging the patches such that they are offset from fixation we reduce the effect of issue 2.
Experiment 2
3.1. Methods
Participants
Two authors and three participants who were naïve to the purposes of the experiment and did not participate in experiment 1, took part in experiment 2. All participants had normal or corrected to normal vision.
Stimuli
Stimuli were each composed of 4 Gabor patches (spatial frequency 1 c/deg, standard deviation 0.67 deg) which were identical (apart from their orientation) and centred 3.5 deg from the fixation point (see Fig. 4 ). Each patch consisted of a moving linear grating. The orientations were arranged such that on linear trials all patches were vertically aligned and moved left or right. On radial trials the left and right patches were vertically aligned and the upper and lower patches were horizontally aligned. The direction of motion was arranged such as to be consistent with global expansion or contraction. All other stimulus details were as in experiment 1.
All other details of the method remained unchanged from experiment 1.
Results
Fig . 5 shows the mean gain in perceived speed as a function of standard speed for linear and radial global motion stimuli. The results are similar to those found in experiment 1; we found no significant difference in the size of the bias between linear and radial patterns, which was confirmed by a non-significant effect of global motion type, and we found a significant effect of standard speed (F(2,8) = 18.9, p = 0.001), with a decrease in the size of the bias with increasing standard speed. Table 3 reports the outcome of 1-sample t-tests assessing whether gains in perceived speed were significantly higher than 1. The results of this experiment show less variability than those of experiment 1 and accordingly we found that although perceived speed gains decreased with standard speed all gains were significantly higher than 1 for both global motion configurations. Table 4 reports Bayes factors (B 01 ) obtained from Bayesian repeated measures t-tests to compare mean gains and discrimination thresholds. Consistent with Experiment 1, the Bayes factors for the gain metric indicate anecdotal (approaching moderate in some cases) evidence for the null hypothesis -across speed conditions the null hypothesis (there is no difference in gain between the linear and radial global structures) is 2-2.5 times more likely than the alternative hypothesis. Fig. 6 shows the relative speed discrimination thresholds as a function of standard speed, for high and low-contrast stimuli for both linear and radial global motion patterns. As in experiment 1 no significant difference was found between linear and radial motion. However, in contrast to the results of experiment 1, here we did find a significant effect of contrast (F(1,4) = 15.74, p = 0.017). Consistent with the Bayesian account, low-contrast stimuli produced higher discrimination thresholds than highcontrast stimuli. A significant effect of speed was also demon- The results of experiment 2 are broadly in line with those of experiment 1. When the additional factors of curvature and inconsistent motion near fixation are taken into account there is still little evidence of an impact of global structure on the effect of contrast on perceived speed.
General discussion

Summary
This study investigated whether the global structure of a pattern of motion would influence the effect of contrast on perceived speed when local spatio-temporal stimulus properties were held constant. The results of both experiments 1 and 2 suggest no significant effect of global motion structure on the observed contrast-based speed bias, and this was the case across the range of speeds tested. Previous studies have demonstrated that contrast affects perceived speed for a wide range of stimulus types, including low-level single-spatial frequency linear gratings (e.g. Thompson, 1982) and for quasi-natural broadband radial motion stimuli (e.g. Snowden et al., 1998) . However, here, we demonstrate for the first time that the size of the effect (i.e. the gain of the contrast effect) is independent of the global structure of the motion when low level spatio-temporal stimulus properties are controlled.
The results presented here also suggest that the effect of contrast on perceived speed decreases with increasing physical stimulus speed, as demonstrated by the significant reduction in gain with increasing speed in both experiments. This effect was evident for both linear and radial stimuli and is consistent with previous reports in the literature (e.g. Stocker & Simoncelli, 2006; Thompson, 1982; Thompson et al., 2006) . We found no evidence of a reversal in the direction of the effect at the stimulus speeds tested, however this reversal is most evident at speeds higher than those tested here.
Relation to previous findings on linear vs. radial gratings
Our results are possibly surprising in light of previous research on perceived speed in stimuli very similar to those used in the present study. Bex and Makous (1997) demonstrated that radial patterns of motion are perceived as faster than linear patterns that are matched for local spatio-temporal structure. In a control experiment we have also confirmed that the difference in perceived speed between radial and linear stimuli found by Bex and Makous (1997) is exhibited in our stimuli, for both the single patch (Exp. 1) and four Gabor patch (Exp. 2) cases (see supplementary materials). Therefore, we are confident that the lack of difference in observed contrast effects for linear and radial stimuli was not due to differences between our stimuli and those of Bex and Makous (1997) . Consequently, it is clear that the configuration of local motion signals affects perceived global speed. Given that the effects of contrast reduce with speed, we might then have expected to see lower gain for the radial stimuli. However, this prediction would also require that contrast affected speed computation after integration of local motion signals to form a global motion configuration. Given that we found no such effects of global configuration, we suggest instead that contrast affects the computation of speed at an earlier stage of processing -i.e. before local motion is integrated to form a global motion percept.
Models of speed perception
A secondary aim of this study was to examine the plausibility of the Bayesian explanation for contrast effects on perceived speed for stimuli with differing global motion structures. To this end we measured speed discrimination thresholds for linear and radial motion stimuli under conditions of high-and low-contrast. Stocker and Simoncelli (2006) have previously demonstrated that a Bayesian model of perceived speed incorporating a prior distribution centred on zero motion can explain successfully the effects of contrast on perceived speed. Under this model, lower contrast stimuli generate a more variable sensory signal than higher contrast stimuli and are consequently influenced more by the zero motion prior. This leads to a lower estimate of speed in the case of low contrast. In the current study, in experiment 1 discrimination thresholds were higher for low-contrast than high-contrast stimuli at the two slower speeds, although overall we found no significant difference between high-and low-contrast discrimination thresholds (consistent with the findings of Hassan & Hammett, 2015) . However, in experiment 2 we found that low-contrast stimuli did produce significantly higher discrimination thresholds than high-contrast stimuli. This finding, together with the finding that low-contrast stimuli were perceived as slower than high-contrast stimuli (Figs. 2 and 5) , suggests that the results are broadly consistent with, but do not provide strong statistical support for the Bayesian model. In addition, the finding that discrimination thresholds were unaffected by the global structure of the motion would lead to a prediction based on the Bayesian account that perceived speed gains should also be unaffected, which is indeed what was found. As noted previously, Stocker and Simoncelli's model has been criticised for being unable to account for increases in perceived speed with lowered contrast at higher stimulus speeds (e.g. Thompson et al., 2006) . Our results cannot shed any light on this issue since, although we found no evidence for reversals in our data, as noted above we did not test at speeds beyond 8 deg/s where they are commonly found.
Conversely the results presented here could also be interpreted as supporting the alternative explanation for the effects of contrast on perceived speed proposed by Thompson et al. (2006) . In their ratio model speed biases arise because of the inseparability of speed and contrast at early stages of motion processing. As noted above our results suggest that the effect of contrast occurs at the stage of local motion processing, prior to the recovery of global motion structure, and hence our data are at least consistent with the Thompson et al. model.
Conclusion
The current study indicates that the effect of contrast on perceived speed is unaffected by the global structure of motion. This finding suggests that such contrast-based effects occur only at an early stage of motion processing, prior to integration of local motion signals to form a global motion configuration. Although these data cannot rule in favour of either the Bayesian or the ratio model account of speed perception they shed light on mechanisms of motion perception more generally.
